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Abstract:

Plant polyphenols have recently been recognized as promising new-generation prebiotics. However, the concentrations and
profiles of polyphenols vary significantly among different plants, so the effects of their extracts on probiotic strains are also
highly variable. This study assessed the effects of ethanol and supercritical fluid extracts of black currant and sea buckthorn on
the growth of bifidobacteria and their antagonism against intestinal pathogens.

Extracts of black currant and sea buckthorn were obtained using reflux ethanol extraction or supercritical fluid extraction. Total
phenols in the extracts were determined by the Folin-Ciocalteu colorimetric method. Individual phenolic compounds were
identified by UV-Vis spectroscopy. Effects of the extracts on bifidobacteria and the intestinal pathogens Bacillus cereus and
Staphylococcus aureus were evaluated in monoculture. Antagonism of bifidobacteria against the pathogens was evaluated in co-
culture in the media with various ethanol extracts. Concentrations of organic acids were determined using HPLC.

Phenolic components of the berries had stimulated, neutral, or negative effects on probiotic growth and organic acid production,
depending on the type of raw material and the extraction method. Bifidobacterium adolescentis and Bifidobacterium longum
were the most sensitive to, and strongly inhibited by, the extracts, while no pronounced growth-stimulating effect was observed
for any of the studied bifidobacteria strains. Additionally, the effect of total phenolic concentrations in the extracts on the
strain growth was evaluated by diluting the native extracts. Minimum inhibitory concentrations in the ethanol extracts for
bifidobacteria ranged from 30 to 140 ug GAE/mL, while those in the supercritical fluid extracts were lower (13-32 pg GAE/mL).
The sea buckthorn supercritical fluid extract stimulated Bifidobacterium bifidum growth, while the ethanol extract of sea
buckthorn and the supercritical fluid extract of black currant stimulated the growth of Bifidobacterium breve and B. longum
subsp. infantis. B. cereus was not sensitive to changes in total phenolic concentrations. The minimum inhibitory concentration
of total phenols for S. aureus was the lowest (7 pg GAE/mL) in the supercritical fluid extract of sea buckthorn. The extracts
had mostly neutral or positive effects on lactic and acetic acids production by bifidobacteria. The greatest increase in acid
concentrations was observed for B. breve in the medium with black currant ethanol extract. The greatest suppression of pathogen
growth was achieved by a combination of B. breve with either of the ethanol extracts.

The results demonstrate that black currant and sea buckthorn extracts are highly selective prebiotics that exert different effects on
the antagonism of bifidobacteria against pathogens. The study revealed the most effective combination of the bifidobacteria and
berry extracts against the pathogens, as well as the most effective symbiotic composition.
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INTRODUCTION class of polyphenolic compounds. These compounds are

In recent decades, interest in natural plant-based widespread in plants and possess a variety of biological
bioactive compounds has significantly increased due activities [2]. Flavonoids are secondary plant metabo-
to their potential health benefits, such as antioxidant, lites that play a key role in protecting against ultraviolet
anti-inflammatory, antimicrobial, and prebiotic proper-  radiation, pathogens, and other stress factors [3]. Their
ties [1]. Special attention has been paid to flavonoids, a chemical structure is based on a C6-C3-C6 skeleton,
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consisting of two aromatic rings linked by a three-car-
bon bridge that can form a heterocyclic ring (pyran or
pyrone) [4]. Depending on the degree of oxidation and
substitution in the skeleton, flavonoids are divided into
several classes, including flavonols (e.g., quercetin and
kaempferol), flavones (apigenin and luteolin), flavanones
(naringenin and hesperidin), isoflavones (genistein and
daidzein), anthocyanidins (cyanidin and pelargonidin),
and catechins (epicatechin and epigallocatechin) [5].
Flavonoids are widely distributed in plants. Their main
sources include fruits, vegetables, cereals, tea, wine, and
medicinal plants [6]. However, berry crops such as sea
buckthorn, black currant, shadberry, and blackberry oc-
cupy a special place due to their high flavonoid content
and diversity [7, 8]. For example, sea buckthorn is rich
in quercetin and isorhamnetin, while black currant is
rich in anthocyanidins [9—-12]. These berries are not only
valuable raw materials for the isolation of flavonoids but
they also contain other substances with pronounced bio-
logical activity. Thus, these materials have enormous po-
tential in functional foods and pharmaceuticals [10, 11].

Besides their important role in plant protection, fla-
vonoids have a positive effect on human health. They
exhibit antioxidant properties by neutralizing free radi-
cals and preventing oxidative stress, which is associated
with the development of cancer, cardiovascular diseases,
and neurodegenerative disorders [13]. In addition, flavo-
noids show anti-inflammatory activity by inhibiting key
enzymes such as cyclooxygenase and lipoxygenase, and
also modulate signaling pathways associated with in-
flammation [14]. Their ability to interact with the intes-
tinal microbiota makes them promising candidates for
use as prebiotics [15].

The intestinal microbiota is a complex ecosystem
consisting of trillions of microorganisms that play a key
role in maintaining the host’s homeostasis. Bifidobac-
teria and lactobacilli are among the most important
representatives of the intestinal microbiota. They help
strengthen the immune system, synthesize vitamins, and
suppress the growth of pathogenic microorganisms [16,
17]. An imbalance in the composition of the microbio-
ta, known as dysbiosis, can lead to the development of
various diseases, including inflammatory bowel disease,
obesity, and even neurodegenerative disorders [18]. This
explains the current scientific interest in natural com-
pounds that stimulate the growth of beneficial bacteria
and suppress pathogens.

Recent studies have shown that flavonoids can have
a significant impact on the composition and function of
the intestinal microbiota. For example, quercetin and
kaempferol promote the growth of bifidobacteria and lac-
tobacilli while inhibiting the growth of pathogens such
as Escherichia coli and Salmonella typhimurium [19].
Anthocyanidins contained in berries also exhibit prebiot-
ic properties, increasing the number of beneficial bacte-
ria and reducing the level of intestinal inflammation [20].
The mechanisms behind this effect include the modula-
tion of bacterial metabolic activity, changes in the pH of
the medium, and stimulation of the production of short-
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chain fatty acids (acetic, propionic, butyric, etc.), which
play an important role in maintaining intestinal health [21].

Berries such as sea buckthorn, black currant, shad-
berry, and blackberry are rich in flavonoids, vitamins,
and other bioactive substances [22]. They are tradition-
ally used in folk medicine to treat various diseases, with
their extracts demonstrating pronounced antioxidant and
antimicrobial activity [23]. For example, sea buckthorn
has strong antioxidant and anti-inflammatory properties
due to high concentrations of quercetin and isorhamne-
tin [24]. Black currant has a protective effect on the
cardiovascular system due to a high content of anthocy-
anidins that give the berries their characteristic color [25].
Shadberry and blackberry stimulate the immune system
and improve digestion due to significant amounts of fla-
vonoids such as catechins and flavonols [26, 27].

Supercritical fluid extraction and alcohol (ethanol
or methanol) extraction are the most effective methods
for isolating bioactive compounds from raw plant mate-
rials [28]. Supercritical fluid extraction is a technolog-
ical process in which a supercritical fluid is used as a
solvent [29]. A supercritical fluid is a specific state of
matter with no distinction between liquid and gas. Super-
critical fluid extraction, in particular, produces high-
purity extracts without the use of toxic solvents, mak-
ing it an ecologically safe alternative to traditional ex-
traction methods [30]. Alcohol extraction is widely used
to isolate flavonoids due to its high efficiency and avail-
ability [31]. Thus, each method has both advantages and
limitations [32].

The aim of this study was to evaluate the effect of
ethanol and supercritical fluid extracts of black cur-
rant and sea buckthorn on the growth of bifidobacteria
and their antagonism against the test strains of intesti-
nal pathogens. We examined the prebiotic potential of
the extracts depending on the species of bifidobacteria.
Applying co-culture, we identified the strongest combi-
nation of bifidobacteria strain and berry extract against
the pathogens, as well as their most effective symbiotic
composition.

STUDY OBJECTS AND METHODS

Study objects. The fruits of sea buckthorn (Hippo-
phae rhamnoides L.) and black currant (Ribes nigrum L.)
produced by Moroshka (Russia) were used as raw ma-
terials for the isolation of flavonoids. The berries were
supplied frozen and stored at —18°C.

The prebiotic potential of the isolated polyphenolic
components (flavonoids) was assessed by using the fol-
lowing bifidobacteria strains: Bifidobacterium adoles-
centis VKPM AC1662 (ATCC 15703), Bifidobacterium
longum subsp. longum VKPM AC1665 (ATCC 15707),
Bifidobacterium bifidum VKPM AC1666 (ATCC 29521),
Bifidobacterium breve VKPM ACI1911 (ATCC 15698),
and B. longum subsp. infantis VKPM AC1912 (DSM
20218). Their antagonistic activity was measured against
the test strains of intestinal pathogens and food contam-
inants, Bacillus cereus VKPM B8076 (ATCC 11778)
and Staphylococcus aureus ATCC 43300. The S. aureus
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strain was purchased from the American Type Culture
Collection, while the other strains were obtained from
the National Bioresource Center’s All-Russian Collec-
tion of Industrial Microorganisms.

Methods of berry extraction. Just before reflux
ethanol extraction, the berries were milled using an im-
mersion blender. A sample of the milled raw material
was weighed on an analytical balance and an extractant
(70% (v/v) ethanol) was added at a solid dry matter-to-
solvent ratio of 1:12. The extraction was carried out in
flasks placed in a water bath with a reflux condenser at
gentle boiling. The extraction time was 30 min from the
start of boiling.

For supercritical fluid extraction, the berries were
first freeze-dried. Milled dry berries (40 g) were loaded
into a high-pressure extractor with a total volume of
250 mL. A co-solvent (10% w/w ethanol relative to the
mass of carbon dioxide in static mode; see below) was
added before sealing the chamber. The pressure in the
sealed extractor was then increased to 200 bar, and super-
critical carbon dioxide was introduced at 40°C. Once the
target temperature and pressure were reached, extraction
was carried out in static mode for 30 min. During this
stage, supercritical carbon dioxide penetrates the struc-
ture of the raw material, facilitating the dissolution of
bioactive substances. After static extraction, dynamic
extraction was performed at a supercritical carbon diox-
ide flow rate of 1 kg/h for 20 min. In this stage, the ex-
tract is continuously removed from the raw material and
collected in an extract collector. After dynamic ex-
traction, the supply of carbon dioxide was stopped, and
the system pressure was gradually reduced over 15 min
to prevent potential equipment damage or extractor
freezing due to adiabatic cooling. The extracts were
stored at 5°C and used no later than 12 h after extraction.

Nutrient media. Mono- and co-cultivation of bi-
fidobacteria was carried out in half-media according
to Rossi et al. [33], with some modifications. The me-
dium containing, mg/mL: 5 of casein tryptone (Dia-M);
3.8 yeast extract (Dia-M); 2.5 meat extract (Panreac);
0.5 ascorbic acid (AppliChem); 5 glucose; 0.5 sodi-
um acetate; 2.5 (NH,),SO,; 1 urea; 0.1 MgSO,x7H,0;
0.005 FeSO,x7H,0; 0.0035 MnSO,x7H,0; 0.005 NaCl;
0.5 Tween-80; and 0.25 cysteine. The pH was adjusted
to 7.0. Carbohydrate-free media (in 80% of the total
water volume) and glucose solution (in 10% of the total
water volume) were autoclaved separately for 30 min at
115°C and aseptically mixed before inoculation.

The berry extracts obtained by ethanol and supercrit-
ical fluid extractions were diluted with an ethanol-water
mixture to an ethanol concentration of 70% (v/v). These
extracts were then further diluted with distilled water
(1:1) to facilitate the transition of extracted substances
into the aqueous phase of the nutrient media. The di-
luted extracts were autoclaved for 30 min at 115°C. The
treated extracts were added to the nutrient media at a fi-
nal concentration of 10% (v/v). Before inoculation, the
complete nutrient media were incubated at 37°C for
12—15 h with stirring at 180-200 rpm to detect any mi-
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crobial contamination and to allow additional ethanol
evaporation. Control media were prepared in the same
manner, replacing the extracts with 35% (v/v) ethanol.
Just before inoculation, the pH of the nutrient media was
adjusted to 7.0 under sterile conditions using a sterile
10% (w/v) NaOH solution in saline. The initial ethanol
concentration in the media before inoculation did not ex-
ceed 6 mg/mL, as determined by high-performance lig-
uid chromatography.

In monoculture experiments, viable bifidobacte-
ria cells were counted in a bifidum medium containing,
mg/mL: 10 of casein tryptone (Dia-M); 5 yeast extract
(Dia-M); 7.5 glucose; 2.5 lactose; 0.5 cysteine; 2.5 NaCl;
0.5 MgSO,x7H,0; 0.5 ascorbic acid (AppliChem); 0.3 so-
dium acetate; and 1.75 (pH 6.8—7.0) agar. To enumerate
bifidobacteria cells in co-culture experiments, 4 mL/L
of propionic acid was added to the bifidum medium be-
fore analysis, adjusting the pH to approximately 5.0 to
suppress the growth of the test strains.

The test strains (B. cereus, S. aureus) were count-
ed on Petri dishes with LB agar containing, mg/mL:
20 of glucose; 10 casein tryptone (Difco Laboratories);
5 yeast extract; and 2 (pH 7.2) NaCl. Growth of bifido-
bacteria on these Petri dishes was excluded due to aero-
bic incubation conditions.

Quantification of organic acids and ethanol. The
concentrations of lactic acid, acetic acid, and ethanol
were determined by high-performance liquid chroma-
tography according to established methods [34, 35],
with some modifications. The samples were analyzed
refractometrically using an Agilent 1220 Infinity chro-
matograph (Agilent, USA) equipped with an Agilent
Hi-Plex H column (250%4.6 mm). The supernatant of
the samples, which was obtained by centrifugation at
12,000 rpm for 15 min, was additionally filtered through
a cellulose acetate membrane (HAWP, MF-Millipore)
with a pore size of 0.45 um. The analysis was per-
formed at 50°C, with a flow rate of 0.3 mL/min, using
0.002 M H,SO, as the mobile phase. The injection vol-
ume was 3 pL.

Assessment of the extract effect on bifidobacterial.
The cultivations were carried out in a CO, incubator CB-
210 (Binder, Germany) with shaking (170 rpm) under
anaerobic conditions (2% CO,, 98% N,) at 37°C for 10 h.
The cultivation time corresponded to the final exponen-
tial growth phase. The inoculates were prepared under
similar conditions in nutrient media without extracts for
17 h. Bifidobacteria cells were pre-washed by centrif-
ugation (6,000 rpm, 4 min) and resuspended in sterile
phosphate-buffered saline to a standard optical density
(OD = 0.5). The prepared samples for monoculture fer-
mentations were inoculated at 1% (v/v). Samples were
taken at the initial and final time points of cultivation.

To assess the effect of extract phenolic concentrations
on the growth of bifidobacteria and test-strain bacteria,
serial two-fold dilutions of the preliminarily treated ex-
tracts were applied. Specifically, the extracts and a 70%
(v/v) ethanol-water solution were mixed with distilled
water in a 1:1 ratio and autoclaved as described above.
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A series of two-fold dilutions, ranging from 2x to 32x,
was prepared using the treated solutions. These extracts
(corresponding to the maximum total phenolic concen-
tration) and their dilutions were added to the nutrient
medium. Inoculation and cultivation were performed as
described above. Viable cells were counted at the initial
and final (after 10 h) time points of cultivation.

The inoculates of the test strains (B. cereus and S. au-
reus) for both monoculture (negative control) and co-cul-
ture experiments were prepared, pre-washed, and resus-
pended to a standard optical density (OD = 0.5) under
the same conditions as for bifidobacteria. Then, 0.2%
(v/v) of the standardized cell suspensions was inoculated.
The experimental conditions were identical to those used
for bifidobacteria monoculture. Samples were taken at
the initial and final time points of cultivation. The con-
centrations of lactic acid, acetic acid, and ethanol were
determined by high-performance liquid chromatography.
Cell enumeration was performed using the ten-fold se-
rial dilution method.

Enumeration of bacteria. Ten-fold dilutions in sterile
phosphate-buffered saline were plated on the appropri-
ate media. Incubation was carried out under selective
conditions to allow for the separate enumeration of bi-
fidobacteria and the test strains. The dilutions were plat-
ed onto a bifidum medium and incubated at 37°C for
48 h for bifidobacteria enumeration. For the test strains,
the dilutions were plated on LB agar and incubated aer-
obically at 37°C for 24 h. All measurements were per-
formed in triplicate.

Evaluation of bifidobacteria antagonism against
the test strains. The antagonistic activity of bifido-
bacteria against the test strains was evaluated using a
previously proposed approach involving the synbiotic
factor [36]. This method is based on the co-cultivation
of the test strain with probiotics and the assessment of
the antagonistic effect resulting from the production of
lactic and acetic acids (metabolites of bifidobacteria).
The synbiotic factor was calculated according to Eq. (1),
using experimental data and previously determined in-
hibition constants:

SF _ KI'L K[A

CL+K, A+K,

(1

where L, A are the concentrations of lactic and acetic
acids, respectively, mg/mL; K, K, are the inhibition
constants for lactic and acetic acids, respectively, mg/mL;
SF is the synbiotic factor indicating how many times
the specific growth rate of the test strain will de-
crease due to inhibition by probiotic metabolites. The
values of the inhibition constants for B. cereus and
S. aureus were obtained from previous studies [37].
Determination of total phenols and identification
of phenolic compounds. Total phenols in the extracts
were determined using the Folin-Ciocalteu colorimet-
ric method. Briefly, the Folin-Ciocalteu reagent (Cen-
tral Drug House Ltd., India) was diluted ten-fold with
bidistilled water. A sample of the extract (0.25 mL) was
mixed with the diluted reagent (1.25 mL) and thoroughly
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shaken. After 3 min, a 7.5% (w/v) solution of Na,CO,
(Central Drug House (P) Ltd., India) was added. The
mixture was shaken again and incubated in the dark for
2 h. Measurements were carried out using an SF-104
spectrophotometer (JSC Aquilon, Russia) at 765 nm.
The results were presented as pg-equivalents of gallic
acid per mL (ug GAE/mL).

UV-Vis spectroscopy (190-600 nm) was used to
identify individual phenolic compounds, employing an
SF-104 spectrophotometer (JSC Aquilon, Russia) with
UV-WIN software for data processing. The baseline
was measured using a 70% (v/v) ethanol-water solution.
Each peak was identified by comparison with literature
data according to the wavelength value [38-51].

Statistical analysis. All measurements were per-
formed in triplicate with three biological replicates,
and the results were expressed as the mean standard
deviation (+ SD). The data were analyzed using one-
way ANOVA followed by Tukey’s HSD post hoc test in
Statistica 10 software. Statistical significance was set
at p =0.05.

RESULTS AND DISCUSSION

Effect of extracts on the growth of bifidobacterial.
All the extracts were analyzed for total phenolic con-
centrations both before and after the treatment (Table 1).
The concentrations decreased slightly, despite a prelim-
inary two-fold dilution with water, presumably due to
ethanol evaporation during autoclaving. Individual phe-
nolic compounds in the extracts were identified using
UV-Vis spectroscopy (Table 1). The compositions varied
not only between the different berries but also between
the extraction methods. In general, the sea buckthorn ex-
tracts were more diverse than the black currant extracts,
and the supercritical fluid extracts were more diverse
than the ethanol extracts. Catechin, epigallocatechin,
quercetin, and rutin were detected in all the extracts.

The results of bifidobacteria monoculture fermenta-
tions in the media supplemented with ethanol and super-
critical fluid extracts of black currant and sea buckthorn
showed that flavonoids influenced the final probiotic
cell count. The initial bacterial count in all the variants
was 6.5+ 0.1 log CFU/mL. We observed both positive
and negative effects of the extracts on the final bacterial
counts, relative to the control medium (Table 2).

All the extracts had a negative effect on the growth of
Bifidobacterium adolescentis compared to the blank ex-
periments. The strongest inhibitory effect was observed
with the ethanol extract of black currant, where the final
count was 1.30 log CFU/mL lower than in the blank ex-
periment. The weakest effect was from the supercritical
fluid extract of black currant, which resulted in a reduc-
tion of 0.77 log CFU/mL compared to the control medi-
um. In the media with sea buckthorn extracts, the final
viable cell count was approximately | log CFU/mL lower
than in the blank experiments.

However, the influence of the extracts on Bifidobac-
terium longum was also negative. The ethanol extract of
black currant exhibited the greatest suppressive effect
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Table 1 Total phenols and phenolic compounds in the extracts

Extract Total phenols,

png GAE/mL

Total phenols in treated Phenolic compounds
extract, ug GAE/mL

Black currant ethanol extract 2451.82 + 36.18

2233.16 £26.11

Catechin, epicatechin, epigallocatechin, tannins,
quercetin, rutin, anthocyanins, resveratrol

Black currant supercritical 1342.71 +£42.13

fluid extract

1264.72 £ 30.07

Catechin, epigallocatechin, tannins, ellagitannins,
gallotannins, dihydroquercetin, resveratrol,
quercetin, rutin

Sea buckthorn ethanol extract 5724.15 +27.31

5551.24 + 34.54

Catechin, epigallocatechin, luteolin, quercetin,
isorhamnetin, apigenin, p-coumaric acid,
resveratrol, rutin

Sea buckthorn supercritical ~ 1183.92 +19.02

fluid extract

1042.24 + 18.03

Catechin, epigallocatechin, tannins,
isorhamnetin, luteolin, apigenin, quercetin,
p-coumaric acid, naringenin, hesperetin, rutin

Table 2 Bifidobacteria final counts in the monocultures

Bifidobacteria species

Final count of bifidobacteria!, log CFU/mL, in a medium? with

Ethanol (blank)

Ethanol extracts Supercritical fluid extracts

Black currant Sea buckthorn ~ Black currant Sea buckthorn
Bifidobacterium adolescentis 7.88 £0.03* 6.58 £0.03* 6.95 + 0.05* 7.11 £ 0.04* 6.83 +0.02*
Bifidobacterium longum 7.82 +0.04° 6.32 +0.02* 7.46 +0.09* 7.29 +0.05° 7.23 £0.03°
Bifidobacterium bifidum 8.49 £ 0.04¢ 8.18 £ 0.07%¢ 8.51 £0.03¢ 8.11 +0.04¢¢ 8.86 £ 0.02¢
Bifidobacterium breve 8.54 £0.07° 8.39 £ 0.05* 8.88 £ 0.06¢ 8.81 £ 0.03¢ 8.04 +0.04f
Bifidobacterium infantis 7.26 +£0.02° 7.23 +£0.04° 8.28 £ 0.03¢ 8.10 £ 0.049° 6.72 +0.02*

! — the values are mean + SD of three measurements in triplicate. No significant difference (p < 0.05) was found among the values with the same
letter, according to Tukey’s HSD test. The values subscribed with an asterisk (*) significantly differ from all the other values. 2 — the procedure of
introducing the extracts and a 70% (v/v) ethanol-water solution into the nutrient medium was the same

(1.56 log CFU/mL lower than the control), while the
ethanol extract of sea buckthorn had the weakest sup-
pressive effect (0.36 log CFU/mL lower than in the
blank experiment). The final cell counts in all the media
with the supercritical extracts did not differ significant-
ly from one another (p < 0.05) and were approximately
0.56 log CFU/mL lower than in the blank experiment.

For Bifidobacterium bifidum, the supercritical flu-
id sea buckthorn extract had a positive effect, while the
ethanol extract of sea buckthorn showed a neutral effect
(no significant difference at p < 0.05). Both black currant
extracts had a negative effect compared to the control
group. However, this effect was relatively weak, with
the final count being only 0.37 log CFU/mL lower than
in the blank experiment. Notably, B. bifidum demonstrat-
ed one of the highest final counts (8.86 log CFU/mL)
among the studied strains when grown in medium with
the supercritical fluid extract of sea buckthorn.

The growth of Bifidobacterium breve was equally
stimulated by the ethanol extract of sea buckthorn and
the supercritical fluid extract of black currant, with in-
creases of approximately 0.30 log CFU/mL over the blank
experiment. The weakest negative effect on B. breve
growth was observed in the medium with the ethanol ex-
tract of black currant, while the strongest negative effect
was seen with the supercritical fluid extract of sea buck-
thorn, showing reductions of 0.16 and 0.50 log CFU/mL,
respectively, compared to the control.

B. longum subsp. infantis showed the weakest growth
(7.26 log CFU/mL) in the control medium among the
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studied strains. However, the effect of the extract com-
ponents on its growth was similar to that observed for
B. breve. The ethanol extract of sea buckthorn and the
supercritical fluid extract of black currant significant-
ly stimulated the growth of B.infantis, with the final
counts 1.02 and 0.85 log CFU/mL higher than the blank
value, respectively. In contrast, the supercritical fluid
extract of sea buckthorn decreased the final count by
0.54 log CFU/mL. No significant difference (p <0.05)
was observed between the final counts in the control me-
dium and in the medium containing the ethanol extract
of black currant.

Thus, B. adolescentis and B. longum were the most
sensitive to the suppression effect of black currant and
sea buckthorn extracts, while the extraction method had
a weak effect. The effect of the extracts on the growth of
B. bifidum and B. breve was mainly moderate, and the
growth of B. infantis was highly dependent on both the
type of berries and the extraction method.

The effect of the extract concentration was evalu-
ated for all bifidobacteria strains using serial two-fold
dilutions. The final viable cell counts at various concen-
trations of total phenols (considered the principal active
components of the extracts) are presented in Tables 3—6.
Significant changes in bacterial growth, both inhibitory
and stimulatory, were observed when total phenol con-
centrations ranged from about 26 to 57 pg GAE/mL.

Further increases up to the highest studied concen-
trations of total phenols (i.e., in non-diluted extracts)
showed no substantial changes in final bifidobacteria
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Table 3 Final cell counts for bifidobacteria and test strains in the monocultures at various concentrations of black currant
ethanol extract

Bifidobacteria species Concentration of total phenols from extract in medium, pg GAE/mL

223 121 57 30 13 7 0

Bifidobacteria, log CFU/mL

Bifidobacterium adolescentis 6.58 £0.03 6.62+0.02 6.68+0.02 6.82+0.05 7.15+£0.04 7.43+0.02 7.88+0.03

Bifidobacterium longum 632+0.02 647+0.04 6.64+0.03 6.82+0.02 698+£0.03 7.37+£0.01 7.82+0.04
Bifidobacterium bifidum 8.18+0.07 8.19+0.03 825+0.07 830+0.05 838+0.04 841+0.06 8.49+0.04
Bifidobacterium breve 839+0.05 838+0.05 841+0.03 845+0.05 848+0.06 8.53+0.04 8.54=+0.07

Bifidobacterium infantis 723+£0.04 7.20+£0.07 7.18+£0.03 7.21+0.06 7.19+£0.03 7.31+0.03 7.26+0.02

Test strains, log CFU/mL

Bacillus cereus 735+£0.05 735+0.06 736+0.09 735+0.12 740+0.14 742+0.08 7.50+0.07

Staphylococcus aureus 7.92+0.04 793+0.08 7.99+0.09 8.07+0.04 8.12+0.11 825+0.13 8.57+0.25

Table 4 Final cell counts for bifidobacteria and test strains in the mono-cultures at various concentrations of the extracts

Bifidobacteria species Concentration of total phenols from extract in medium, pg GAE/mL

555 278 139 69 35 17 0

Bifidobacteria, log CFU/mL

Bifidobacterium adolescentis 6.95+0.05 7.01+£0.05 7.03+0.05 7.14+£0.05 7.394+0.05 7.61+0.05 7.88+0.03

Bifidobacterium longum 746+0.09 7.51+0.06 7.59+0.05 7.61+0.07 7.63+0.03 7.75+0.05 7.82+0.04

Bifidobacterium bifidum 851+£0.03 849+0.06 850+0.05 852+0.06 849+0.03 847+0.05 849+0.04

Bifidobacterium breve 8.88+0.06 8.85+0.06 881+0.06 8.82+0.06 872+0.06 8.62+0.06 8.54+0.07

Bifidobacterium infantis 828+0.03 8.13+0.06 8.01+0.02 7.82+0.05 7.64+0.04 742+0.05 7.26=+0.02
Test strains, log CFU/mL

Bacillus cereus 7.64+0.08 7.63+0.07 7.62+0.07 7.60+0.07 7.61+£0.07 7.55+0.07 7.50+0.07

Staphylococcus aureus 737+£0.13 7.40+0.08 7.58+0.11 7.66+0.08 7.95+0.01 8.12+0.09 8.57+0.25

Table 5 Final cell counts for bifidobacteria and test strains in the mono-cultures at various concentrations of black currant
supercritical fluid extract

Bifidobacteria species Concentration of total phenols from extract in medium, pg GAE/mL

126 63 32 16 8 4 0

Bifidobacteria, log CFU/mL

Bifidobacterium adolescentis 7.11 £0.04 7.23+£0.07 7.27+0.05 7.41+£0.06 7.52+0.04 7.74+0.06 7.88+0.03

Bifidobacterium longum 729+0.05 732+0.07 741+0.02 7.49+0.05 7.58+0.06 7.65+0.07 7.82+0.04

Bifidobacterium bifidum 8.11+£0.04 8.10+0.02 8.12+0.04 8.14+0.01 825+0.07 8.39+0.08 8.49+0.04

Bifidobacterium breve 881+0.03 879+0.07 880+0.08 872+0.03 8.63+0.04 8.59+0.08 8.54+0.07

Bifidobacterium infantis 8.10+£0.04 794+0.05 786+0.08 7.79+0.07 7.57+0.06 7.38+0.05 7.26=+0.02
Test strains, log CFU/mL

Bacillus cereus 733+£0.06 7.31+0.07 735+£0.05 7.39+0.07 7.41+£0.07 7.48+0.04 7.50+0.07

Staphylococcus aureus 842+0.11 840+0.08 839+0.09 843+0.12 850+0.18 8.51+0.21 8.57+0.25

Table 6 Final cells count for bifidobacteria and test strains in the mono-cultures at various concentrations of the extracts

Bifidobacteria species Concentration of total phenols from extract in medium, pg GAE/mL

104 52 26 13 7 3 0

Bifidobacteria, log CFU/mL

Bifidobacterium adolescentis 6.83 £0.02 6.87+0.07 6.91+£0.05 7.02+£0.04 7.33+0.06 7.61+0.08 7.88+0.03

Bifidobacterium longum 723+£0.03 7.25+0.07 727+0.02 7.33+0.05 742+0.07 7.59+0.08 7.82+0.04

Bifidobacterium bifidum 886+0.02 884+0.09 886+0.06 881+0.04 874+0.06 8.62+0.05 849+0.04

Bifidobacterium breve 8.04+0.04 805+0.08 809+0.11 812+0.02 823+0.01 836+0.08 8.54+0.07

Bifidobacterium infantis 6.72+0.02 6.71+0.03 6.74+0.07 6.81+0.03 692+0.07 7.01+0.09 7.26+0.02
Test strains, log CFU/mL

Bacillus cereus 7.26+0.05 7.25+0.07 7.25+0.04 728+0.09 731+0.09 739+0.07 7.50+0.07

Staphylococcus aureus 8.19+0.08 8.19+0.08 821+0.12 825+0.08 831+0.13 843+0.06 8.57+0.24
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counts. Therefore, for cases with growth inhibition, these
concentrations can be considered as the minimum inhib-
itory concentrations (Table 7). Exceptions were observed
for B. bifidum with the ethanol extract of sea buckthorn
and B. infantis with the ethanol extract of black currant,
where the effect of total phenols remained neutral at all
the studied concentrations. Growth stimulation was ob-
served for B. infantis and B. breve with the ethanol ex-
tract of sea buckthorn and the supercritical fluid extract
of black currant, as well as for B. bifidum with the super-
critical fluid extract of sea buckthorn.

Gwiazdowska ef al. [52] showed that the effect of phe-
nolic compounds, particularly flavonoids, on the growth
of bifidobacteria depends on the concentration, specific
compound, and microorganism species involved, which
is consistent with our results. The effect can be stimu-
lating, neutral, or suppressive [53]. Therefore, the dif-
ferences in bacterial growth observed in our study are
likely due to variations in the qualitative composition of
the extracts. Supercritical fluid extraction predominantly
yields non-polar flavonoids (such as flavanols and flava-
nones), while the total polyphenol yield is often lower.
In contrast, reflux thermal extraction using organic sol-
vents typically results in a higher polyphenol yield due
to the extraction of polar compounds, including antho-
cyanins and phenolic acids [54]. In the ethanolic gem-
motherapy extract of black currant, about 80 flavonoids
have been identified. The most abundant non-glycosidic
flavonoids are luteolin, quercetin, and apigenin, which
together account for 91.7% of the total flavonoid content,
while the presence of kaempferol is relatively minor [53].
The polyphenolic composition of sea buckthorn berries
includes gallic acid, catechin, epicatechin, p-coumaric
acid, caffeic acid, ferulic acid, rutin, quercetin, resvera-
trol, myricetin, and others [55]. Among these, the most
polar compounds, rutin, myricetin, and quercetin, are
likely to predominate in alcoholic extracts.

Gwiazdowska et al. [52] also reported an inhibitory
effect of quercetin and hesperidin on the growth of
B. adolescentis NCFB 2004 and B. bifidum NCFB 2235,
This effect was dose-dependent, with changes in concen-
tration causing significant differences in bacterial growth
rates. Another study found that galangin inhibited

the growth of B. adolescentis JCM 1275T by 30-70%,
while quercetin and fisetin caused only minor inhibi-
tion (~20%) [56]. These findings indicate that the ef-
fects of flavonoids are not only species-specific but also
strain-specific. Thus, the qualitative composition of ber-
ry extracts plays a critical role in determining their bio-
logical activity. Further analysis of extract composition
is needed to more accurately understand its influence
on different Bifidobacterium strains, which will be ad-
dressed in future studies.

Effect of extracts on the production of lactic and
acetic acids by bifidobacterial. The presence of black
currant and sea buckthorn extracts in the nutrient media
had a weak effect on lactic acid production by B. adoles-
centis (Table 8). The effect of the supercritical fluid sea
buckthorn extract was statistically insignificant com-
pared to the blank experiment (p < 0.05).

For B. longum, a slight stimulation of lactic acid pro-
duction was observed (an increase of 0.12 to 0.19 mg/mL)
in the media with all the extracts, except for the ethanol
extract of sea buckthorn, which showed a neutral effect.

Lactic acid production by B. bifidum was not affected
by the sea buckthorn ethanol extract or the black currant
supercritical fluid extract (p < 0.05). However, the ethanol
extract of black currant and the supercritical fluid ex-
tract of sea buckthorn increased lactic acid production
by 0.22 and 0.48 mg/mL, respectively.

The ethanol extracts stimulated lactic acid produc-
tion by B. breve relative to the control medium, with in-
creases of 0.54 mg/mL (black currant) and 0.31 mg/mL
(sea buckthorn). The supercritical fluid extract of black
currant had no effect on B. breve, while the supercritical
fluid extract of sea buckthorn reduced lactic acid pro-
duction by 0.11 mg/mL compared to the control.

A similar pattern was observed for B. infantis. Lac-
tic acid production in the media with the supercritical
fluid extracts did not differ significantly (p < 0.05), but
greater stimulation was observed with the sea buck-
thorn ethanol extract, which increased lactic acid levels
by 0.27 mg/mL compared to the blank.

A similar pattern was observed for acetic acid pro-
duction (Table 9). None of the extracts significantly affect-
ed acetic acid production by B. adolescentis compared

Table 7 The minimum inhibitory concentration of total phenols, pg GAE/mL, for bifidobacteria and test strains

Cultures Ethanol extract Supercritical fluid extract
Black currant Sea buckthorn Black currant Sea buckthorn
Bifidobacteria
Bifidobacterium adolescentis 57.0+0.5 140.0+0.5 32.0+0.5 26.0£0.5
Bifidobacterium longum 30.0£0.5 35.0+0.5 32.0+0.5 13.0£0.5
Bifidobacterium bifidum 57.0+0.5 n.a. 17.0+ 0.5 26.0 £ 0.5*
Bifidobacterium breve 57.0+0.5 70.0 £ 0.5* 32.0+£0.5* 13.0+0.5
Bifidobacterium infantis n.a. 140.0 £ 0.5* 17.0 £ 0.5* 26.0£0.5
Test strains
Bacillus cereus n.a. n.a. n.a. n.a.
Staphylococcus aureus 13.0£0.5 140.0£0.5 n.a. 7.0£0.5

n.a. — not affected; * — shows maximum growth stimulation
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Table 8 Lactic acid production by bifidobacteria monocultures

Bifidobacteria species

Lactic acid production', mg/mL, in a medium? with

Ethanol (blank)

Ethanol extract Supercritical fluid extract

Black currant Sea buckthorn ~ Black currant Sea buckthorn
Bifidobacterium adolescentis 0.53 +£0.02¢ 0.57 +£0.02° 0.60 +0.02° 0.59 +0.02° 0.56 +0.022°
Bifidobacterium longum 0.90 + 0.04° 1.02 + 0.05¢ 0.94 + 0.04° 1.09 +0.05¢ 1.03 £ 0.05¢
Bifidobacterium bifidum 0.65 £ 0.03" 0.87 = 0.04¢ 0.62 +0.02%f 0.66 +0.03f 1.13 £0.05*
Bifidobacterium breve 0.76 + 0.03¢ 1.30 £ 0.06* 1.07 £ 0.05* 0.72 £ 0.03¢ 0.65 +0.03"
Bifidobacterium infantis 0.60 + 0.02° 0.65 +0.02° 0.87 + 0.04¢ 0.61 £ 0.02%¢ 0.61 +0.02°

! — the values are mean + SD of three measurements in triplicate. No significant difference (p < 0.05) was found among the values with the same
letter, according to Tukey’s HSD test. The values subscribed with an asterisk (*) significantly differ from all other values. > — the procedure of
introducing the extracts and a 70% (v/v) ethanol-water solution into the nutrient medium was the same

Table 9 Acetic acid production by bifidobacteria monocultures

Bifidobacteria species

Acetic acid production', mg/mL, in a medium? with

Ethanol (blank)

Ethanol extract Supercritical fluid extract

Black currant Sea buckthorn  Black currant Sea buckthorn
Bifidobacterium adolescentis 0.72 +0.03¢ 0.71 +£0.03¢ 0.80 +0.03° 0.76 +0.032® 0.77 +0.032®
Bifidobacterium longum 1.19 £0.05¢ 1.16 £ 0.05¢¢ 1.23 £0.05° 1.37 £0.06° 1.24 £0.05¢"
Bifidobacterium bifidum 0.99 £ 0.04¢ 1.29 +0.05° 1.03 £0.04¢ 1.13 +£0.05¢ 1.81 £ 0.08%*
Bifidobacterium breve 1.10 + 0.05¢ 2.07 £ 0.09* 1.62+0.07* 1.40 £ 0.06° 1.13 £ 0.05¢
Bifidobacterium infantis 0.73 £0.03* 0.74 £ 0.032® 1.49 £ 0.06* 1.01 £ 0.04¢ 0.79 £ 0.04°

! — the values are mean £ SD of three measurements in triplicate. No significant difference (p < 0.05) was found among the values with the same
letter, according to Tukey’s HSD test. The values subscribed with an asterisk (*) significantly differ from all other values. ? — the procedure of
introducing the extracts and a 70% (v/v) ethanol-water solution into the nutrient medium was the same

to the blank experiment (p < 0.05), except for the sea
buckthorn ethanol extract, which weakly stimulated the
synthesis.

For B. longum, acetic acid production in the media
with the extracts did not differ significantly from the
blank (p < 0.05). The exception was the supercritical fluid
extract of black currant, which increased the acetic acid
concentration by 0.18 mg/mL compared to the control.

When B. bifidum was cultivated in the medium with
the sea buckthorn ethanol extract, acetic acid levels were
comparable to the control (p < 0.05). However, stimula-
tion was observed with all the other extracts. The stron-
gest effect (0.82 mg/mL increase compared to the control)
was observed with the supercritical fluid extract of sea
buckthorn, while the weakest effect (0.14 mg/mL in-
crease) was noted with the supercritical fluid extract of
black currant.

Stimulation of acetic acid production by B. breve
was observed in the media with most extracts. The eth-
anol extract of black currant produced the strongest ef-
fect, increasing acetic acid levels by 0.97 mg/mL over
the control, whereas the supercritical fluid extract of sea
buckthorn had no significant effect.

For B. infantis, the supercritical fluid extract of sea
buckthorn and the ethanol extract of black currant had
no significant effect on acetic acid synthesis (p <0.05).
In contrast, the ethanol extract of sea buckthorn and the
supercritical fluid extract of black currant stimulated the
production, increasing its levels by 0.76 and 0.28 mg/mL,
respectively, compared to the blank experiment.

The data on the stimulation or suppression of lactic
and acetic acid production by bifidobacteria in the pres-
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ence of flavonoids are relatively limited. In an in vitro
batch colonic fermentation study, the addition of poly-
phenol-enriched extracts from three Chilean boiled
beans (extracted with a ethanol-water solution, 7:3) did
not influence acetate production, with acetate levels not
being significantly different from those in the negative
control [57]. In another study, polyphenols, particularly
gallic acid, were shown to reduce short-chain fatty acid
synthesis in the gut microbiota of mice in vivo, while
simultaneously increasing polysaccharide and bile acid
metabolism [58]. In contrast, our study found neutral
or positive effects of the extracts on organic acid pro-
duction by bifidobacteria. Particularly, significant stim-
ulation of acid production was observed for B. bifidum
with the supercritical fluid extract of sea buckthorn, for
B. breve with the black currant ethanol extract, and for
B. infantis with the sea buckthorn ethanol extract. These
results suggest that flavonoids may stimulate the cata-
bolic activity of bifidobacteria, leading to increased pro-
duction of lactic and acetic acids [59]. In our study, the
effect was clearly species-specific, highlighting the im-
portance of selecting compatible components when de-
signing synbiotic compositions. Since organic acids are
the key factors in the inhibition of intestinal pathogens
and food contaminants by probiotics, their enhanced
production can be exploited to develop targeted synbiot-
ic formulations aimed at suppressing pathogen growth.
Antagonism of bifidobacteria against test strains in
co-culture studies. The suppression of pathogen growth
by probiotics is known to be mediated by the production
of several substances, including organic acids. In addi-
tion, prebiotics can enhance their antagonistic activity.



Evdokimova S.A. et al. Foods and Raw Materials. 2027;15(2):296-310

To study the antagonistic effect of synbiotic compositions buckthorn extracts were compared with those for the
(bifidobacteria + berry extract) against the test strains co-cultures in the control extract-free medium (blank)
of intestinal pathogens, we selected three bifidobacte- and the test strain monocultures (negative blank). As
ria strains (B. longum, B. bifidum, and B. breve) based an additional measure of synbiotic antagonism, the pre-
on their highest accumulation of organic acids in the viously proposed synbiotic factor was applied (Fig. 1b).
respective nutrient media variants. Since acid produc-  The synbiotic factor indicates how many times the spe-
tion by the bifidobacteria monocultures was higher in cific growth rate of the test strain is reduced as a result
the media with ethanol extracts, supercritical fluid ex- of inhibition by probiotic metabolites (lactic and acetic
tracts were excluded from this part of analysis. The final acids) [36]. A lower synbiotic factor value corresponds
counts of the test strains (Fig. 1a) co-cultured with the to a lower specific growth rate of the test strain and, con-
bifidobacteria in the media with black currant or sea sequently, a lower final bacterial count.
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S E":’ B. bifidum + S. aureus B. bifidum + S. aureus 5_:% j*z
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g 2 B. longum + S. aureus 0.058 B. longum + S. aureus g s
= 3
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Antagonism is expressed through the growth of test strain cells (final count) in the co-cultures with bifidobacteria in the media
with the extracts or in the control medium (blank), and th rough the synbiotic factor based on the final concentrations of lactic and acetic acids.
Data on test strain growth in all the media are also included to demonstrate the solo effects of the extracts (negative control)

Figure 1 Effect of black currant and sea buckthorn ethanol extracts on the antagonistic activity of bifidobacteria against Bacillus
cereus and Staphylococcus aureus: (a) final count of test-strain cells, log CFU/mL; (b) synbiotic factor
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Antagonism is expressed through the growth of test
strain cells (final count) in the co-cultures with bifido-
bacteria in the media with the extracts or in the control
medium (blank), and through the synbiotic factor based
on the final concentrations of lactic and acetic acids.
Data on test strain growth in all the media are also in-
cluded to demonstrate the solo effects of the extracts
(negative control)

Both black currant and sea buckthorn extracts had a
weak effect on the growth of Bacillus cereus in the
monoculture. In the control medium (without extracts),
the test strain’s count reached 7.5 log CFU/mL. In the
medium with sea buckthorn extract, the count was
0.14 log CFU/mL higher, whereas in the medium with
black currant extract, it was 0.15 log CFU/mL lower.
The suppression of Staphylococcus aureus growth by
the extracts in the monoculture showed more varia-
tion. In the control medium, the test strain reached
8.57 log CFU/mL at the end of fermentation. In the pre-
sence of sea buckthorn and black currant extracts, the fi-
nal counts were 7.37 log CFU/mL and 7.92 log CFU/mL,
respectively. Thus, sea buckthorn extract showed the
strongest suppression of S. aureus growth in the absence
of probiotics. Additionally, we determined the minimum
inhibitory concentrations of total phenols for each ex-
tract (Table 7).

In the co-culture experiments in the control medi-
um (without extracts), different bifidobacteria strains
showed varying levels of antagonism against B. cereus.
No suppression was observed in the co-culture with
B. infantis or B. bifidum (final counts were 7.71 and
7.47 log CFU/mL, respectively). B. longum decreased
the final count of B. cereus by 0.99 log CFU/mL com-
pared to the monoculture, while B. breve showed the
greatest antagonistic effect, reducing the test strain’s
count by 2.15log CFU/mL. For S. aureus, the co-cul-
ture with any bifidobacteria strain in the control me-
dium resulted in a lower final count compared to the
monoculture. B. infantis and B. bifidum had moderate
antagonistic effects, reducing the count by 1.44 and
1.32 log CFU/mL, respectively. The strongest suppres-
sion was observed with B. longum, which decreased the
final count of S. aureus by 3.25 log CFU/mL compared
to the monoculture.

In the co-cultures (test strains + bifidobacteria) in
the media containing black currant extract, B. breve
had the most pronounced antagonistic effect, reducing
the final counts of S. aureus and B. cereus by 4.5 and
4.9 log CFU/mL, respectively, compared to their mono-
cultures. The antagonistic effects of B. longum and B. bi-
fidum in combination with black currant extract were
significantly lower than those of B. breve. These results
are consistent with the levels of organic acid produc-
tion observed in the monocultures, suggesting a spe-
cies-specific interaction with the extract components.
The highest total organic acid production was recorded
in the combination of B. breve with the ethanol extract
of black currant. Notably, this extract significantly en-
hanced the antagonistic activity of B. breve against
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both test strains. It also increased the antagonism of
B. longum and B. bifidum against S. aureus when com-
pared to the co-cultures in the control medium. When
co-cultured with S. aureus, the two bifidobacteria had
an additive antagonistic effect, likely resulting from the
combined effects of their metabolites and the extract
components. In contrast, the combination of B. breve
with black currant extract demonstrated a clear syner-
gistic effect, as the observed suppression exceeded the
sum of the individual effects. This is further supported
by the lowest synbiotic factor values, calculated as 0.013
for B. cereus and 0.012 for S. aureus co-cultured with
B. breve. In comparison, the co-culture of B. longum
with S. aureus produced the highest synbiotic factor
value (0.058), indicating the lowest efficiency of this
synbiotic combination against the test strain.

In the co-cultures (test strains + bifidobacteria) in
the media containing sea buckthorn extract, the greatest
antagonistic effect against both test strains was again de-
monstrated by B. breve. In this medium, the final counts
of S. aureus and B. cereus were reduced by 3.8 and
5.2 log CFU/mL, respectively, compared to their respec-
tive monocultures. B. longum and B. infantis also actively
suppressed the growth of the pathogens in the presence
of sea buckthorn extract, each reducing the final count
by approximately 3 log CFU/mL relative to the monocul-
tures. Notably, in all the co-culture variants, antagonis-
tic activity was higher in the presence of extract compo-
nents than in the control medium (without extracts). The
synbiotic factor values were also lower for all combina-
tions with sea buckthorn extract compared to the con-
trol medium, confirming increased inhibitory efficiency.
The most pronounced difference in the synbiotic factor
values was observed in the co-cultures with B. infantis,
which showed weak suppression of pathogen growth in
the absence of the extracts. In contrast, when sea buck-
thorn extract was present, the differences in final test
strain counts between the monocultures and the co-cul-
tures were substantial, indicating a clear synergistic effect.

The antimicrobial activity of plant polyphenolic com-
pounds, including flavonoids, against pathogens has been
demonstrated in several studies. Suppressive effects on
bacterial growth have been reported for both individual
flavonoids and whole plant extracts, which typically con-
tain a complex mixture of active compounds [60]. Anti-
microbial activity against various strains of S. aureus has
been shown for alcoholic extracts of rosemary [61], eth-
anol extracts of sage (containing limonene, among other
compounds) [62], Heliotropium europaeum L. ethanol
extracts [63], and ethanol extracts of thyme and sage
(which include caffeic acid) [64]. Among individual fla-
vonoids, quercetin, morin, naringenin, and kaempferol
have demonstrated inhibitory effects on staphylococcal
growth [65]. The growth of B. cereus was also inhibited
by ethanol extracts of thyme and sage [64], whereas many
other plant extracts had no significant effect on this spe-
cies [60].

While the influence of flavonoids on the growth of
bifidobacteria and the production of organic acids is
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relatively well studied, data on their ability to activate
antagonistic activity are limited. Nonetheless, several
studies have examined the effect of prebiotics on the an-
tagonistic activity of probiotics against various patho-
gens in co-culture in vitro experiments. For example,
the suppression of Clostridioides difficile by B. infan-
tis JCM 1222 was stronger in a medium containing the
next-generation prebiotic galactosyl-$1,4-L-rhamnose
compared to a glucose-containing medium [66]. Lacti-
plantibacillus plantarum and Lacticaseibacillus rham-
nosus inhibited the growth of Salmonella and Shigella
strains when cultured in the media supplemented with
oligosaccharide extracts from various plant sources [67].
Similarly, the antimicrobial activity of Lactobacillus
strains against Klebsiella oxytoca was demonstrated in
co-culture with commercial prebiotic fructans [68]. The
formulation of synbiotic preparations has also been sup-
ported by a series of in vitro experiments, where the use
of commercial prebiotics as carbon sources enhanced
the antagonistic activity of Lactobacillus strains against
Salmonella spp. and Listeria monocytogenes [69]. Bifi-
dobacteria combined with fructans extracted from bur-
dock root or Jerusalem artichoke tubers (precipitated
with 20% ethanol) exhibited enhanced antagonistic ac-
tivity against S. aureus ATCC 43300 when applied as
synbiotics [70]. In our study, we employed a similar ap-
proach to investigate the influence of black currant and
sea buckthorn extracts on the antagonistic activity of
Bifidobacterium strains against B. cereus and S. aureus.
The results revealed a promising synergistic synbiotic
composition involving B. breve and both black currant
and sea buckthorn ethanol extracts.

CONCLUSION

We studied the effects of ethanol and supercritical
fluid extracts of black currant and sea buckthorn on the
growth of five Bifidobacterium species currently accept-
ed as probiotics. The phenolic components of the ber-

ries demonstrated stimulating, neutral, or suppressive
effects on probiotic growth and organic acid produc-
tion, depending on both the type of raw material and
the extraction method. In addition, we evaluated the
synergistic potential of the Bifidobacterium strains and
the ethanol extracts based on their ability to suppress
the growth of intestinal pathogens in co-culture. The
results revealed that black currant and sea buckthorn
polyphenols may act as highly selective and strain-spe-
cific prebiotics. Among the tested combinations, synbi-
otic compositions involving B. breve and either extract
were the most promising, with strong antagonistic ef-
fects against Bacillus cereus and Staphylococcus au-
reus. Future research will focus on a more detailed
characterization of polyphenol composition to better
understand the mechanisms underlying these effects.
Additionally, there is a need for optimizing supercritical
fluid extraction techniques based on the biological ac-
tivity of the resulting extracts.
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